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DISTRIBUTION STATEMENT (of this Report)
Approved for public release; distribution unlimited. '___ -ased on a limited amount of 72SF (22 C), positive loading ratio, constant amplitude loading fatigue crack growth rate test data generated for aluminum alloy 7010-T73651 a mathematical mode: of. the data shift withlodn-ai was formulated.
The mathematical model is only applicable to the Paris region of material behavior;' and approximates the log-Paris coefficient as a linear relationship of the loading ratio, 20 .
Abstract (Concluded) -Using the model a predictive Paris equation was formulated for an unexplored loading ratio prior to the generation of any data at this test-case loading ratio. Following generation of data at the test-case loading ratio and the calculation of the best fit Paris equation to the data set it was found to agree extremely well with the predictive equation formulated beforehand. Reference 1 presents constant amplitude loading FCGR test results for tests conducted at several different loading ratios (R-ratio = minimum load/maximum load), on two aluminum alloys, 7075-T6 and 2024-T3. That program considered and applied several different empirical mathematical models for the generated test data, one of them being the Paris equation:
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where da/dn is the crack extension per load cycle and AK is the stress intensity range. The reference always used a fixed value for the Paris exponent, m, equal to 4.00 in fitting a Paris line to the data generated at the various loading ratios.
The table presented in the above reference listing the Paris coefficients, C, for the lines fitted to the various R-ratio data sets is duplicated in Table 1 along with one additional column being added, the logarithm of the Paris coefficient, log C.
If R-ratio and log C listed in Table 1 are plotted on a linear set of axes, for both materials examined in the referenced effort, the points closely approximate straight lines (see Figure 1) .
The sole exception is the coefficient for the 7075 material with an R-ratio equal to or less than a value of zero.
. ll , . . . .. Table 2 . Both alloys use Zr as the grain refiner rather than Cr which is more commonly used in other alloys. Both alloys (7010 and 7050) were developed for applications requiring high strength, high fracture toughness, exfoliation corrosion resistance, and stress corrosion cracking resistance in thick section product forms, e.g., 2 to 4 inch (50.8 to 101.6 mm) thick rolled plate. The test results of a more extensive mechanical property test program conducted on this particular plate is presented in Reference 2. One observation made during the FCGR testing portion of the referenced program was that test data for specimens with L-T or T-L grain orientations plotted in a narrow, well defined data scatter band. This characteristic was anticipated to be a valuable ally in formulating a simple mathematical model of the data based on a minimum number of completed tests. The average tensile and fracture toughness properties for the piece of test material which were presented in Reference 2 are represented here in Tables 3 and 4. 
SECTION IV TEST PROGRAM AND SPECIMENS
All of the FCGR tests discussed in this report were conducted in accordance with ASTM testing procedure E647-78T, "Constant-Load-Amplitude Fatigue Crack Growth Rates Above 10-8 m/cycle." All tests were completed in a room temperature laboratory air environment.
Tests were conducted at loading ratios, R, equal to 0.1, 0.3, 0.5, and 0.8. Based on these test results a predictive Paris equation was formulated for a loading ratio equal to 0.65 prior to generating test data at that loading ratio.
The loading frequency for the data, previously presented in Reference 2, with a loading ratio equal to 0.1 was 20 Hz; all the remaining tests were conducted at 10 Hz. This was necessary in order to accurately maintain the application of a sinusoidal loading wave form to the smaller load train used in this effort.
The test data for a loading ratio equal to 0.1 was generated using the larger specimen configuration presented in Figure 2 .
All of the remaining test specimens were machined from failed open, large fracture toughness test specimens which were remanents of the Reference 2 program; using these small scraps as a source of test material necessitated using a smaller test specimen for this effort. The smaller CT specimen configuration in Figure 2 was used for all of the remaining loading ratios. All of the test data were generated using CT test specimens with L-T grain orientation. 
SECTION V RESULTS AND DISCUSSION
The constant amplitude loading fatigue crack growth test results for loading ratios equal to 0.1, 0.3, 0.5, and 0.8 are presented in Figures 3 through 6 . The crack growth rate range that was considered for fitting the straight line was from 1.0 x 10 -7 in./cycle (2.54 nm/cycle) to 1.0 x 10 -4 in./cycle (2540 nm/cycle).
For the remainder of the discussion the crack growth rates are in terms of inches per cycle, while the stress intensity range is in KSI/Th.
In determining the best fit Paris straight line, as illustrated in 
The log-Paris coefficient, log C, for the four data sets are plotted in Figure 7 as a function of loading ratio, R.
The four points are distributed around a straight line defined by equation (6). Str-es ±nteneity r-ange, delt~a K, tKSI eqrt (in.) 3 The average value, r, is equal to 3.68. The maximum value among the four exponents is 3.74 and the minimum value is equal to 3.60, representing a range equal to + 2 percent of the average value Paris exponent, m. By substituting the average Paris exponent, m = 3.68, into equation (8) and taking the antilogarithm of both sides of the resulting expression a generalized expression, equation (9) is derived:
log da/dn = 1.438R -9.277 + 3.68 log AK da/dn = 1 0 ( 1 .438R-9.277) AK 3 . 6 8
This expression for the test material aluminum alloy 7010-T73651 is applicable for a loading ratio range from 0.1 to 0.8 in a 72 0 F (22 0 C) laboratory air test environment.
The best-fit straight lines were then again determined for the same R-ratio data sets of stress intensity range and corresponding crack growth rate with the Paris exponent, m, fixed at the average value, m = 3.68, and only the Paris 
0.3 da/dn = 1.47 x 10 -9 AK 3 " 6 8 (11) 0.5 da/dn = 2.61 x 10 AK 3.68 (12) 0.8 da/dn = 7.31 x 10 -9 AK 3 .68
The log-Paris coefficients for these four equations are plotted in Figure 8 (square symbol) along with the coefficients previously discussed (triangular symbol in Figure 7 ) that were calculated by letting both the coefficient and exponent freely vary in fitting a Paris straight line. This latter approach results in calculating Paris coefficients that plot with a much narrower scatter band. The best-fit straight line to these new Paris coefficients is:
log C = 1. 418R -9.275 (14) This equation is very close to equation (6). For the scale employed in Figure 8 , visual detection of the two lines' separation occurs at a loading ratio approximately equal to 0.5 and they continue to separate at a shallow angle with increasing loading ratio.
Once again starting with equation (8) 
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log da/dn = log C + m log AK (8) log C = 1. 418R -9.275 (14) log da/dn = (1.418R -9.275) + 3.68 log AK and then taking the anti-logarithm of both sides of this equation a second generalized expression, equation (15), can be derived da/dn = 1 0 (1.418R-9.275) AK3.68 (15) This expression is quite close to equation (9) and for the test material also covers all loading ratios over the range from 0.10 to 0.80 in a 72'F (22C) laboratory air test environment.
The largest gap in the R-ratio data sets was between the loading ratios equal to 0.5 and 0.8; a loading ratio in the middle of this gap, R = 0.65, was selected as a test case for the two generalized expressions, equations (9) and (15) the resulting predictions are equations (16) and (17). da/dn = 10(1.
4 3 8 R-9. 
When the lines corresponding to equations (16) and (17) are plotted on the axis scale used throughout this report the two lines appear indistinguishable. Therefore, it was concluded that the additional calculations of fitting the best-fit Paris equation with the exponent fixed equal to m 3.68 was superfluous for the test material and for the remainder of this discussion only equation (16) is used.
Two experimental approaches were taken to verify that the prediction, equation (16), would acciirately represent data at the test-case an R-ratio equal to 0.65.
First, since the exponent m of the series of Paris equations has already been satisfactorily determined, to empirically establish a verifying equation with a set of data only the Paris coefficient need to be accurately determined experimentally.
This curtails the necessity for generating a large range of data at an R-ratio of interest. Using this approach, two specimens were tested at a loading ratio equal to 0.65. To minimize test time an initially high stress intensity range received primary attention with the sole exception of one data point at a low stress intensity range that was established immediately following crack initiation of one of the specimens. The combined test results are presented in Figure 9 . The line in Figure 9 represents the best-fit equation with the exponent fixed equal to m = 3.68. The equation that defines the line in Figure 9 is: da/dn = 4.28 x 10-9 AK 3 "6 8
The lines representing the predictive equation (16) and the bestfit, fixed-exponent equation (18) to the actual test data are virtually indistinguishable.
Encouraged by this success an alternate approach was undertaken to verify the prediction equation (16) .
A third specimen was tested at a loading ratio equal to 0.65 but with an initial crack velocity of approximately 4 x 10 -7 in./cycle (11.18 nm/cycle). The test results for this single specimen are presented in Figure 10 . The solid line in Figure 10 represents the best-fit equation to this second data set which is:
da/dn = 4.09 x 10 -9 AK 3 "6 5 (
and was calculated with both the Paris exponent and coefficient free to vary. The dashed line represents the predictive equation is small when compared to the large shift from the best-fit line to the 0.5 R-ratio data set to that of the 0.8 R-ratio data set. 
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